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Andrew E. Arai, MD*
Bethesda, Maryland; Washington, DC; and Lamia, GreeceOBJECTIVES This study’s primary objective was to determine the sensitivity, speciﬁcity, and accu-
racy of fully quantitative stress perfusion cardiac magnetic resonance (CMR) versus a reference standard
of quantitative coronary angiography. We hypothesized that fully quantitative analysis of stress perfusion
CMR would have high diagnostic accuracy for identifying signiﬁcant coronary artery stenosis and exceed
the accuracy of semiquantitative measures of perfusion and qualitative interpretation.
BACKGROUND Relatively few studies apply fully quantitative CMR perfusion measures to patients
with coronary disease and comparisons to semiquantitative and qualitative methods are limited.
METHODS Dual bolus dipyridamole stress perfusion CMR exams were performed in 67 patients with
clinical indications for assessment of myocardial ischemia. Stress perfusion images alone were analyzed
with a fully quantitative perfusion (QP) method and 3 semiquantitative methods including contrast
enhancement ratio, upslope index, and upslope integral. Comprehensive exams (cine imaging, stress/
rest perfusion, late gadolinium enhancement) were analyzed qualitatively with 2 methods including
the Duke algorithm and standard clinical interpretation. A 70% or greater stenosis by quantitative coro-
nary angiography was considered abnormal.
RESULTS The optimum diagnostic threshold for QP determined by receiver-operating characteristic
curve occurred when endocardial ﬂow decreased to <50% of mean epicardial ﬂow, which yielded a
sensitivity of 87% and speciﬁcity of 93%. The area under the curve for QP was 92%, which was superior
to semiquantitative methods: contrast enhancement ratio: 78%; upslope index: 82%; and upslope inte-
gral: 75% (p ¼ 0.011, p ¼ 0.019, p ¼ 0.004 vs. QP, respectively). Area under the curve for QP was also
superior to qualitative methods: Duke algorithm: 70%; and clinical interpretation: 78% (p < 0.001 and
p < 0.001 vs. QP, respectively).
CONCLUSIONS Fully quantitative stress perfusion CMR has high diagnostic accuracy for detecting
obstructive coronary artery disease. QP outperforms semiquantitative measures of perfusion and quali-
tative methods that incorporate a combination of cine, perfusion, and late gadolinium enhancement im-
aging. These ﬁndings suggest a potential clinical role for quantitative stress perfusion CMR. (J Am Coll
Cardiol Img 2014;7:14–22) ª 2014 by the American College of Cardiology Foundation
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15ardiac magnetic resonance (CMR) has po- METHODS
tential advantages in the assessment of
myocardial perfusion. Diagnostically, CMR
appears superior to single-photon emission
computed tomography (SPECT) (1–3). Compari-
sons to positron emission tomography (PET) are
favorable (4), and similar to PET, CMR can
quantify perfusion in absolute terms (5–7). How-
ever, CMR has ﬁner resolution, wider availability,
and can evaluate function, perfusion, and viability
in the same exam without ionizing radiation.See page 23
A B B R E V I A T I O N S
A N D A C R O N YM S
AUC = area under the curve
CAD = coronary artery disease
CER = contrast enhancement
ratio
CMR = cardiac magnetic
resonance
INT = upslope integral
LGE = late gadolinium
enhancement
PET = positron emission
tomography
QCA = quantitative coronary
angiography
QP = fully quantitative perfusion
ROC = receiver-operating
characteristic
SI = signal intensity
SLP = myocardial to left
ventricular upslope ratio
SPECT = single-photon emission
computed tomographyAlthough semiquantitative CMR perfusion has
been evaluated in the setting of coronary artery disease
(CAD), semiquantitative techniques underestimate
perfusion at high ﬂow rates and have a potential
diagnostic disadvantage when compared with fully
quantitative perfusion, which increases linearly over a
wide range of ﬂow rates (8). However, fully quanti-
tative studies in humanswithCADhave been limited
and lack adequate comparisons with semiquantitative
and qualitative analyses (9–15).
Quantifying myocardial perfusion using a dual-
bolus ﬁrst-pass CMR method has been validated
against microspheres in a canine model, and all
major ﬁndings have been conﬁrmed in normal hu-
man volunteers (8,16). To investigate the clinical
utility of this technique, we applied the method to
patients with known or suspected coronary disease.
Our primary objective was to determine the
sensitivity, speciﬁcity, and accuracy of fully quanti-
tative dual-bolus stress perfusion CMR versus a
reference standard of quantitative coronary angiog-
raphy (QCA). We hypothesized that fully quanti-
tative analysis of stress perfusion CMR would have
high diagnostic accuracy for identifying signiﬁcant
coronary artery stenosis. We also hypothesized that
the diagnostic accuracy of the fully quantitative
method would exceed that of semiquantitative and
qualitative methods of interpretation. Finally, we
sought to demonstrate that detailed stress perfusion
analysis independently contains the diagnostic in-
formation necessary to detect the presence of sig-
niﬁcant coronary disease.From the *Cardiovascular and Pulmonary Branch, National Heart, Lung, and
Health and Human Services, Bethesda, Maryland; yDepartment of Cardiolog
zDepartment of Biomedical Informatics, University of Central Greece, Lamia
Research, National Heart, Lung, and Blood Institute, National Institutes
Medical Imaging (United States Government Cooperative Research and De
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Manuscript received February 11, 2013; revised manuscript received AugustPatients. This study was approved by the institu-
tional review boards of the National Institutes of
Health and Suburban Hospital (Bethesda, Mary-
land). All patients were referred for stress myocar-
dial perfusion imaging with clinical indications.
Sixty-seven subjects with coronary angiography per-
formed within 90 days of the CMR were included
on a consecutive basis. Subjects with recent percuta-
neous coronary intervention, history of coronary
bypass surgery, contraindication to dipyridamole, or
contraindication to CMR were excluded.
Image acquisition. Imaging was performed on a
1.5-T Siemens (Erlangen, Germany) or General
Electric (Waukesha, Wisconsin) scanner
using a 12-element or 4-element phased
array coil, respectively. Gadolinium–
diethylenetriaminepentaacetic acid (Mag-
nevist, Bayer HealthCare Pharmaceuticals,
Whippany, New Jersey) was administered
with a mechanical injector (Medrad, Inc.,
Indianola, Pennsylvania). The exam pro-
ceeded in the following sequence: stress
perfusion; cine rest function; rest perfu-
sion; and late gadolinium enhancement
imaging (LGE).
The vasodilator stress protocol used
dipyridamole 0.56 mg/kg infused intrave-
nously over 4 min. Perfusion imaging
commenced 4 min after the dipyridamole
infusion. Dual-bolus ﬁrst-pass perfusion
was performed using gadolinium doses of
0.005 mmol/kg followed by 0.1 mmol/kg
(16). The 0.005 mmol/kg dose was diluted
in saline to ensure equal volume and rates
of injection for the 2 doses. Three short-
axis images were acquired using a satura-
tion recovery, hybrid echo-planar perfusion
sequence for every heart beat for 50 to 60 cardiac
cycles (17). Typical imaging parameters were as
follows: slice thickness: 8 mm; ﬁeld of view: 360
mm  270 mm; repetition time: 6.6 to 7.5 ms; echo
time: 1.48 to 1.6 ms; echo train length: 4; matrix:
128  80 to 128  96; ﬂip angle: 20 to 25; and
saturation recovery time: 60 to 80 ms. Parallel im-
aging with rate 2 temporal sensitivity encoding wasBlood Institute, National Institutes of Health, Department of
y, Veterans Affairs Medical Center, Washington, DC; and the
, Greece. This study was funded by the Division of Intramural
of Health. Dr. Arai receives research support from Siemens
velopment Award). All other authors have reported that they
19, 2013, accepted August 22, 2013.
Table 1. Patient Characteristics
Age, yrs 60  11
Female 22 (33)
Hypertension 40 (60)
Hyperlipidemia 50 (75)
Diabetes 11 (16)
Smoking 28 (42)
Family history 31 (46)
Chest pain 48 (72)
Prior MI 17 (25)
Prior PCI 17 (25)
Any stenosis $70% by QCA 23 (34)
3-vessel disease 2 (3)
2-vessel disease 5 (7)
1-vessel disease 16 (24)
Values are mean  SD or n (%).
MI ¼ myocardial infarction; PCI ¼ percutaneous coronary intervention;
QCA ¼ quantitative coronary angiography.
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16used in 69% of scans (18). Aminophylline 100 to
150 mg was administered post-stress to mitigate
residual vasodilator effects during rest imaging.
Subsequently, steady-state free precession cine
images were acquired to assess left ventricular
function. Thirty minutes after stress, rest perfusion
imaging was performed, repeating the dual-bolus
method as described. A ﬁnal dose of 0.05 mmol/
kg gadolinium was injected after the rest perfusion
study in preparation for LGE imaging. Ten minutes
after rest perfusion, LGE images were obtained with
a phase-sensitive inversion recovery fast gradient echo
sequence.
Image analysis. CMR exams were analyzed blinded
to clinical history and cardiac catheterization results
by a consensus of 2 readers. Qualitative interpreta-
tion of exams was performed by a standard clinical
protocol using all imaging including cine, stress/rest
perfusion, and LGE. Additionally, the published
Duke algorithm was applied in which LGE was
used as an initial screen for obstructive CAD and
stress/rest perfusion images were considered at
secondary and tertiary levels of importance (19).
For fully quantitative and semiquantitative ana-
lyses, 3 stress perfusion slices per patient were
divided into 12 radial segments per slice and eval-
uated as endocardial, epicardial, and transmural
regions. Endocardial and epicardial contours were
drawn manually, automatically propagated, and
manually corrected when necessary, which required
approximately 5 to 10 min per slice. Division into
endocardial and epicardial regions was entirely
computer-derived. Absolute myocardial perfusion
was quantiﬁed using Fermi function constrained
deconvolution methods as described previously
(8,16). Semiquantitative analysis of myocardial
perfusion was performed as previously described
(4,8,20,21). The contrast enhancement ratio (CER)
method involved the following calculation:
CER ¼ (SI peak – SI baseline)/SI baseline, where
SI peak is the mean peak signal intensity of the
myocardial region and SI baseline is the mean
baseline signal intensity of the myocardial region.
The myocardial to left ventricular upslope ratio
(SLP) was calculated by dividing the initial upslope
of the myocardial time-intensity curve by the initial
upslope of the left ventricular time-intensity curve.
The upslope integral (INT) was calculated from the
area under the curve (AUC) from baseline to peak
enhancement using baseline-adjusted myocardial
time-intensity curves.
Endocardial ﬂow was compared with normal
ﬂow within the slice as deﬁned by median epicar-
dial ﬂow. In this manner, endocardial-to-epicardialratios were generated for each segment. Similarly,
semiquantitative endocardial values were compared
with median epicardial values within the slice.
Studies were classiﬁed as abnormal when at least
2 segments had endocardial-to-epicardial ratios
lower than the threshold in the distribution of
the stenosed vessel. In addition to endocardial-
to-epicardial-ratio analysis, the diagnostic perfor-
mance of absolute endocardial ﬂow and absolute
transmural ﬂow was evaluated.
A cardiologist blinded to the CMR results per-
formed QCA using Quantcor software (Siemens,
Forchheim, Germany). All perfusion results were
correlated to QCA on a per-patient basis using a
threshold of 70% stenosis.
Statistical analysis. Categorical variables are
expressed as numbers and percentages. Continuous
variables are presented as mean  SD unless
otherwise speciﬁed. Receiver-operating character-
istic (ROC) curves for all methods were generated
with MedCalc for Windows (version 12.2.1.0,
MedCalc Software, Mariakerke, Belgium). Diag-
nostic performance was ascertained from the AUC
ROC. Comparison of ROC curves was performed
by the DeLong method. There was no correction
for multiple comparisons of AUC curves. Optimal
sensitivity and speciﬁcity were determined by the
Youden index. Sensitivity and speciﬁcity between
methods were compared with McNemar test.
Normally distributed data was compared with the
Student t test. The Wilcoxon and Mann-Whitney
tests were applied to non-normally distributed data.
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17RESULTS
Patient characteristics. Baseline characteristics
summarized in Table 1 were reﬂective of patients
routinely referred for stress imaging exams in clin-
ical practice. The average age was 60 years (range
38 to 85 years) and 33% were women. A history of
myocardial infarction was present in 25%. Remote
percutaneous coronary intervention had been per-
formed in 25%. The prevalence of obstructive
CAD by QCA ($70% stenosis) was 34% (23 of
67), including 2 with 3-vessel disease and 5 with
2-vessel disease.
Threshold for abnormal perfusion. The threshold
for abnormal perfusion was determined by ROC
(Fig. 1). The point of maximum sensitivity and
speciﬁcity occurred when endocardial ﬂow in 2
segments was <50% below normal as deﬁned by
median epicardial ﬂow. Thus, an endocardial to
epicardial ratio <0.50 identiﬁed segments with
abnormal perfusion. Thresholds for semiquantita-
tive methods were determined in a similar manner
from ROC analysis. The thresholds for semi-
quantitative endocardial to median epicardial ratios
were: CER: 0.57; SLP: 0.67; and INT: 0.58.
Diagnostic performance. Fully quantitative perfu-
sion (QP) performed well against QCA with a
sensitivity of 87% and speciﬁcity of 93%. There
were 3 false negative patients by QP, all of whomFigure 1. ROC Curves of QP and Semiquantitative Methods
The area under the curve (AUC) for fully quantitative perfusion
(QP) (92) was greater than the AUC for contrast enhancement ratio
(CER) (78, p ¼ 0.011), myocardial to left ventricular upslope ratio
(SLP) (82, p ¼ 0.019), and upslope integral (INT) (75, p ¼ 0.004).
ROC ¼ receiver-operating characteristic.had single-vessel disease. All patients with multi-
vessel disease (n ¼ 7), including 1 subject with left
main disease, were correctly identiﬁed as true posi-
tives by QP. There were 3 false positive subjects by
QP who had stenoses of 67%, 65%, and 2-vessel
disease with stenoses of 65% and 60%. No false
positive patients had myocardial infarction. Invasive
measures of fractional ﬂow reserve were not available
in any patients. Representative CMR images with
angiographic correlation are shown in Figure 2.
The sensitivity of semiquantitative methods was
57%, 87%, and 83% for CER, SLP, and INT,
respectively. QP with a sensitivity of 87% was sta-
tistically higher than CER (p ¼ 0.016) but not SLP
or INT. Compared with QP, qualitative methods
had similar sensitivities of 87% and 83% for the
Duke algorithm and clinical interpretation,
respectively.
The speciﬁcity of semiquantitative methods was
91%, 68%, and 68% for CER, SLP, and INT,
respectively. QP with a speciﬁcity of 91% was sta-
tistically higher than SLP and INT (p ¼ 0.001 and
p ¼ 0.001, respectively), but not CER. Compared
with QP, qualitative approaches had statistically
lower speciﬁcities of 52% and 73% for the Duke
algorithm and clinical interpretation methods,
respectively (p < 0.001 and p ¼ 0.004, respectively).
Diagnostic performance of QP as determined
by AUC was 92%, which was statistically superior
to all semiquantitative methods (Fig. 1). AUC for
CER, SLP, and INT was 78%, 82%, and 75%,
respectively (p ¼ 0.011, p ¼ 0.019, p ¼ 0.004 vs.
QP, respectively). AUC for QP was also statistically
superior to qualitative methods (Fig. 3). The AUC
for the Duke algorithm and for clinical interpre-
tation were 70% and 78%, respectively (p < 0.001
and p < 0.001 vs. QP, respectively). Results are
summarized in Table 2.
Myocardial perfusion: absolute and endocardial/
epicardial ratio. Thus far, QP has represented the
endocardial-to–median epicardial perfusion ratio.
However, it is also important to understand the
diagnostic performance of the raw endocardial and
transmural perfusion values. The optimal absolute
threshold for discriminating a 70% stenosis using
stress endocardial perfusion was 1.98 ml/min/g,
which had an AUC of 82% (p ¼ 0.01 vs. QP),
sensitivity of 91%, speciﬁcity of 70%, positive pre-
dictive value of 62%, and negative predictive value
of 94%. The optimal absolute threshold for stress
transmural perfusion was 1.58 ml/min/g, which had
an AUC of 77% (p ¼ 0.002 vs. QP), sensitivity of
70%, speciﬁcity of 84%, positive predictive value of
70%, and negative predictive value of 84%.
Figure 2. Representative CMR Images With Angiographic Correlation
Columns from left to right display cine images, late gadolinium enhancement (LGE) images, stress perfusion images (Perf), and the invasive
coronary angiogram (Cath). (Top) The images demonstrate a subject with no myocardial infarction but a stress perfusion defect in the anterior
and anteroseptal segments corresponding to a severe stenosis of the proximal left anterior descending (LAD) coronary artery. (Middle) The
images show a subject with a subendocardial myocardial infarction and a stress perfusion defect in the anterior and anteroseptal segments,
which correlate to a subtotal occlusion of the LAD. (Bottom) The images provide an example of a normal (Nml) cardiac magnetic resonance
(CMR) exam with normal coronary angiography. Abn ¼ abnormal.
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18Absolute stress endocardial blood ﬂow in patients
with no coronary disease averaged 3.13  0.61 ml/
min/g, whereas endocardial blood ﬂow in true
positive perfusion defects averaged 1.20  0.53 ml/
min/g (p < 0.001). Absolute stress transmural blood
ﬂow in patients with no coronary disease averaged
2.99  0.59 ml/min/g, whereas transmural blood
ﬂow in true positive perfusion defects averaged 1.73
 0.71 ml/min/g (p < 0.001). There were also
signiﬁcant differences between endocardial and
transmural measurements among normal segments
(p ¼ 0.015) and ischemic segments (p < 0.001).
The ratio of endocardial to median epicardial ﬂow
in patients with no coronary disease averaged 1.13 
0.19, whereas ﬂow ratios in true positive perfusion
defects averaged 0.42  0.05 (p < 0.001). Results
are shown in Figures 4 and 5.
D I SCUSS ION
The primary ﬁnding of this study is that a fully quan-
titative approach to stress perfusion CMR analysis
has high diagnostic accuracy for detecting obstruc-
tive stenosis in patients with known or suspected
coronary disease. Furthermore, QP outperformssemiquantitative and qualitative interpretationmethods
used by experienced clinicians.
Quantitative CMR analysis could be applied in
a manner similar to semiquantitative SPECT
software. Semiquantitative SPECT analysis is equiv-
alent to or minimally better than expert visual inter-
pretation and has become an important adjunctive
tool in clinical practice by offering an objective
approach to differentiate normal from abnormal
(22,23).
An objective approach to image analysis mitigates
some of the intrinsic drawbacks of visual interpre-
tation derived from artifact, subjective judgment,
and bias. For example, discerning superimposed
ischemia in the setting of myocardial infarction is
a challenge in visual interpretation. However, QP
performed well despite a population where a siza-
ble portion had myocardial infarction.
QP independently has better diagnostic accuracy
than qualitative methods that incorporate a combi-
nation of cine, perfusion, and LGE imaging.
Simultaneous visual evaluation of stress and rest
perfusion is used to identify perfusion artifacts and
improve diagnostic accuracy (19). Stress perfusion
and LGE imaging are commonly compared to
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Figure 3. ROC Curves of QP and Qualitative Methods
AUC for QP (0.92) was greater than the AUC for the Duke algorithm
(70, p < 0.001) and for clinical interpretation (78, p < 0.001).
Abbreviations as in Figure 1.
Table 2. Diagnostic Performance of Fully Quantitative, Semiquantitative,
and Qualitative Methods To Detect a 70% Stenosis by QCA
Method AUC Sensitivity Speciﬁcity PPV NPV
QP 92
(82–97)
87
(66–97)
93
(81–99)
87
(66–97)
93
(81–99)
CER 78*
(66–87)
57*
(35–77)
91
(78–98)
76
(49–94)
80
(66–90)
SLP 82*
(71–91)
87
(66–97)
68*
(52–81)
59
(41–75)
91
(75–98)
INT 75*
(63–85)
83
(61–95)
68*
(52–81)
58
(39–75)
88
(72–97)
Duke 70*
(57–80)
87
(66–97)
52*
(37–68)
49
(33–65)
88
(70–98)
Clinical 78*
(66–87)
83
(61–95)
73*
(57–85)
61
(42–78)
89
(74–97)
Values are % (95% conﬁdence intervals). *p < 0.05 versus QP; statistical comparison of PPV
and NPV was not performed.
AUC ¼ area under the curve; CER ¼ contrast enhancement ratio; INT ¼ upslope integral;
NPV ¼ negative predictive value; PPV ¼ positive predictive value; QCA ¼ quantitative
coronary angiography; QP ¼ fully quantitative perfusion; SLP ¼myocardial to left ventricular
upslope ratio.
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19discriminate ischemia from infarct (24). In contrast,
QP utilizing stress perfusion alone performs well
without the other CMR methods. Thus, stress
perfusion imaging may have all the necessary in-
formation to yield a highly accurate diagnosis of
ﬂow-limiting stenosis.
With regard to other diagnostic parameters,
although sensitivity was similar among methods
with the exception of CER, QP speciﬁcity was
signiﬁcantly better than SLP, INT, and both
visual methods. The improvement in speciﬁcity
may help avoid unnecessary invasive testing and
revascularization.
Absolute quantiﬁcation of myocardial perfusion
was comparable to previous data in patients with
coronary disease. Transmural ﬂow in ischemic seg-
ments averaged 1.73 ml/min/g, which is similar to
the value of 1.54 ml/min/g previously reported for
CMR (15). Endocardial ﬂow in ischemic segments
averaged 1.20 ml/min/g, which is similar to the
value of 1.0 to 1.2 ml/min/g reported by PET for
regions supplied by a >70% stenosis (25,26). No
other CMR study has reported absolute endocardial
ﬂow in subjects with CAD. Our measurement of
absolute endocardial ﬂow is thus a unique aspect of
this work.
In subjects without signiﬁcant coronary disease,
transmural myocardial blood ﬂow averaged 2.99 ml/
min/g, which was somewhat lower than the 3.39
ml/min/g reported for normal volunteers (16).
However, our population likely had some degree ofendothelial dysfunction caused by early atheroscle-
rosis, diabetes, hypertension, and dyslipidemia or
nonvascular factors including left ventricular hy-
pertrophy (27,28).
The threshold for abnormal perfusion was
deﬁned by an endocardial-to–mean epicardial ratio
in this study and represented an approximately
>50% reduction in ﬂow. This threshold is con-
sistent with previous studies (21,29–32). The
endocardial-to-epicardial ratio in patients without
coronary disease averaged 1.13, which is similar to
the previously reported value (12).
The endocardial layer is known to be most sus-
ceptible to ischemia (33). In fact, applying endo-
cardial rather than transmural regions of interest
demonstrated higher accuracy using SLP (4). Pre-
vious studies using INT have found relative spa-
ring of epicardial layers even in severe stenosis (21).
Thus, epicardial regions are likely the best repre-
sentation of preserved ﬂow. Therefore, our analysis
focused on endocardial/epicardial ﬂow ratios as the
basis of diagnosis. The median epicardial value was
used as the normal reference to minimize the
contribution of segments where perfusion defects
become transmural. This may be why our ﬁndings
differ from previous data (12). Furthermore, using
an epicardial rather than remote endocardial refer-
ence may avoid problems with balanced ischemia.
Previous studies have concluded that relative
perfusion measures may represent the physiologi-
cal consequences of coronary stenosis better than
absolute thresholds. Models have demonstrated
that absolute ﬂow for a ﬁxed stenosis can be variable
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Figure 4. Absolute Myocardial Perfusion
Absolute perfusion was signiﬁcantly lower in patients with true positive ischemic segments relative to patients with no coronary
disease (p < 0.001 for both endocardial and transmural analysis, error bars represent standard deviation).
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20due to multiple physiologic factors and that relative
ﬂow indices more accurately reﬂect stenosis severity
(34). Invasive fractional ﬂow reserve relies on a
relative ratio rather than an absolute value and
identiﬁes patients that beneﬁt from revasculariza-
tion (35). An absolute cutoff for normal ﬂow by
PET is difﬁcult to deﬁne given normal subject stress
values that range from 1.86  0.27 to 5.05 0.90
(36). Despite this limitation, PET is still effective
using relative scales of ﬂow to assess functional sig-
niﬁcance of stenosis (37,38).p < 0.001
Normal
Ischemic
0
0
0
0
0
0
0
0
Endocardial/Epicardial Ratio of Absolute Myocardial Perfusion
cardial to median epicardial perfusion ratio was signiﬁcantly lower in
ith true positive ischemic segments than it was in patients with no
disease (p < 0.001, error bars represent standard deviation).This study differs from previous CMR studies in
several ways. Much research has described semi-
quantitative measures rather than a fully quantitative
method (20,21,39–42). Although studies using SLP
have reported similar accuracy in humans, the
threshold value for abnormal perfusion has been
difﬁcult to deﬁne (40–42). Previous studies that
used fully quantitative analysis in humans demon-
strated moderate-to-high sensitivities of 78% to
93%; however, speciﬁcities were low to modest at
50% to 75% at 70% stenosis (9,12). Our impro-
ved performance could be due to multiple factors,
including the use of endocardial ﬂow, more accurate
calculation of the arterial input function, signal coil
intensity correction, or validated custom software
(8,16). Unlike previous studies, this investigation
has not excluded patients with known myocardial
infarction or segments with LGE and thus is
broadly applicable (11,13–15). Furthermore, this is
the largest study to date involving quantiﬁcation
(previous studies analyzed 20 to 49 subjects) and
has over twice the population previously used,
comparing fully quantitative, semiquantitative, and
qualitative methods of stress perfusion interpretation
(10). Finally, although previous data has suggested
that quantiﬁcation exceeds visual interpretation,
this is the ﬁrst study to demonstrate statistical
superiority.
Overall, the qualitative results are in the expected
ranges when comparing them to large studies
such as the CE-MARC (Clinical Evaluation of
Magnetic Resonance Imaging in Coronary Heart
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21Disease) trial (3) (sensitivity/speciﬁcity ¼ 86.5%/
83.4%) and MR-IMPACT (Magnetic Resonance
Imaging for Myocardial Perfusion Assessment in
Coronary Artery Disease Trial) II (43) (sensitivity/
speciﬁcity ¼ 67%/61%). The sensitivities from both
visual methods are moderately high at 83% to 87%,
which is similar to the CE-MARC results. The
speciﬁcity of clinical interpretation of 73% is
somewhat lower than that reported in the
CE-MARC trial but higher than inMR-IMPACT II.
Of note, the high proportion of subjects with pre-
vious myocardial infarction and percutaneous coro-
nary intervention likely contributes to the low
speciﬁcity of the Duke algorithm, which is validated
in patients without known CAD. This is a recog-
nized limitation of the Duke algorithm and a po-
tential advantage of quantiﬁcation as patients with
CAD commonly undergo stress testing.
Study limitations. An anatomic reference standard
was used that may not reﬂect the ﬂow-limiting
nature of coronary stenosis. Our study had a high
proportion of single-vessel disease that may have
contributed to false negatives, as is also true for
nuclear imaging. Parallel imaging with rate 2 tem-
poral sensitivity encoding was incorporated during
the course of the study and, though not uniformly
employed, most perfusion exams (69%) used parallel
imaging. Although QP could be applied in a similarmanner as semiquantitative SPECT, the use of
manual contours makes this application less prac-
tical at this time, although automated contour
generation is currently under development. Auto-
mated curve analysis was not used, but currently
exists and would facilitate processing. Although a
dual-bolus approach was used for this study, a dual-
sequence approach would simplify acquisition in
routine clinical practice. We did not address the
prognostic value of quantitative CMR perfusion,
which has been reported for PET (44).
CONCLUS IONS
Fully quantitative analysis of stress perfusion CMR
has high diagnostic accuracy for detecting obstruc-
tive CAD. QP outperforms semiquantitative mea-
sures of perfusion and qualitative methods that
incorporate a combination of cine, perfusion, and
LGE imaging. This objective, quantitative approach
has a potential adjunctive role in clinical perfusion
assessment.
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